The Vitamin E in Neuroprotection Study (VENUS) Investigators IMPORTANCE Management of painful diabetic peripheral neuropathy remains challenging. Most therapies provide symptomatic relief with varying degrees of efficacy. Tocotrienols have modulatory effects on the neuropathy pathway and may reduce neuropathic symptoms with their antioxidative and anti-inflammatory activities.
D iabetic peripheral neuropathy (DPN) remains underdiagnosed and thus undertreated. 1 It affects 26% to 53% of patients with diabetes, imposing a significant public health burden worldwide. 2, 3 Neuropathic pain occurs in 21% to 53% of patients with DPN 4,5 and impairs quality of life. 2 Neuropathy has been associated with a quarter of the total cost of diabetes care, 6 whereas direct medical cost for those with neuropathic pain was reported to be 4.2-fold higher than for those without.
5
Improved glycemic control and pain management are the mainstay strategies to manage DPN. 6 Various pharmacologic therapies are available to treat DPN. 7, 8 Used alone or in combination, these therapies achieve a varying degree of satisfactory outcomes 9 but are partly limited by their adverse effects. They mainly provide symptomatic relief and do not affect the underlying neuropathic process.
10
Oxidative stress exerts an important role for the pathogenesis of DPN.
11 Efficacy of alternative agents, such as α-lipoic acid (ALA), 10, [12] [13] [14] [15] Tocotrienols are naturally occurring subtypes of vitamin E that modulate glutamate-induced neuronal apoptosis via inhibition of the 12-lipoxygenase pathway in in vitro studies. 22, 23 Tocotrienols reverse neuropathic pain via modulation of oxidative-nitrosative stress, inflammatory cytokine release, and caspase-3 in rats with diabetes. 24 Oral administration of 400 mg/d of tocotrienols for 2 years among 121 volunteers attenuated the progression of brain white matter lesions without notable adverse reactions, suggestive of neuroprotective properties. 25 These observations have led to the inception and conduct of this study, which evaluated the efficacy of oral mixed tocotrienols in patients with DPN during 12 months.
Methods

Study Design and Participants
The Vitamin E Neuroprotection Study (VENUS) was a multicenter, randomized, double-blind, placebo-controlled trial conducted from November 30, 2011 , to August 7, 2015 . The trial protocol can be found in Supplement 1. Patients 20 years or older with diabetes were prescreened by face-to-face interview at outpatient units in 6 public primary care clinics and medical outpatient clinics in 5 public hospitals located in the Penang and Kedah states of Malaysia. Potential participants with symptomatic DPN were invited to attend screening visits at respective study clinics. This study was approved by the Medical Research Ethics Committee, Ministry of Health. Written informed consents were obtained from all participants. During the screening visit, patients were assessed with Total Symptom Score (TSS) and Neuropathy Impairment Score (NIS), and venous blood samples were obtained for measurement of fasting blood glucose level, hemoglobin A 1c (HbA 1c ) level, and renal and liver profiles. Patients were eligible for recruitment with a TSS of 3 or higher and an NIS of 2 or higher. These cutoffs were selected to allow detection of the least clinically significant improvements in scores. 10, 15 We excluded individuals with uncontrolled diabetes (HbA 1c >12% [to convert to proportion of total hemoglobin, multiply by 0.01]), drug and/or alcohol dependency, psychiatric disorders, and impaired renal (serum creatinine level ≥1.7 mg/dL [to convert to micromoles per liter, multiply by 88.4]) and/or liver (level of hepatic transaminases ≥5-fold upper limit of normal) functions. We also excluded pregnant or lactating women, those who were immunocompromised, and those with symptomatic peripheral vascular disease or other diseases that might interfere with the administration of the investigational products or interpretation of the results.
Randomization and Masking
A total of 300 participants were recruited and randomly assigned to 2 groups with a 1:1 allocation ratio using permuted block randomization (block size of 10). The patients received 1 capsule of 200 mg of mixed tocotrienols or 1 capsule of identical-looking placebo twice daily for 12 months. Both active (containing 200 mg of tocotrienols in a 1-g capsule) and placebo (containing1gof tocotrienols-free palm oil in a capsule) capsules were manufactured by Hovid Bhd. The randomization allocation sequence was generated by an independent pharmacist using an offsite computer who also prepared the investigational products with allocated coding and unique identification numbers. Randomization and allocation were fully concealed from the principal investigators, all participating clinicians, research officers, and participants until the study was completed.
Procedures
The participants were interviewed for their clinical histories and underwent anthropometric examinations for body mass index, TSS and NIS assessments, and blood sampling for fasting blood glucose, HbA 1c , serum homocysteine, folate, vitamin B 12 , and total tocotrienol levels. The TSS and NIS were assessed again at 6 months and at the end of the study at 12 months. Blood samples used to test for the aforementioned biomarkers were obtained during the follow-up visits. Serum homocysteine level was measured using a chemiluminescent microparticle immunoassay (Architect homocysteine assay, Abbott Laboratories) for the quantitative determination of total L-homocysteine in human serum on the Architect i System. Serum folate and vitamin B 12 levels were measured using competitive immunoassays with direct chemiluminescent technology (Advia Centaur Folate and Advia Centaur VB12 assays, Bayer Diagnostics). Plasma total tocotrienol levels were determined using a simple, validated highperformance liquid chromatographic method with fluorescence detection. 26 Sensory nerve conduction tests (NCTs) were performed at the baseline visit and the end of the study. The NCTs were conducted by a single operator at Seberang Jaya Hospital and interpreted by a clinical neurologist (I.L.). Patients were selected if they were able to travel to the center and consented to undergo NCTs.
All patients attended follow-up visits every 3 months to obtain the investigational products. They were advised to contact research officers immediately if they suspected a reaction toward the investigational products. All the adverse events (AEs) and serious adverse events (SAEs) were reported to the Medical Research Ethics Committee according to the local protocol. All events in relation to the study intervention were examined by subinvestigators at respective clinical sites followed by a detailed discussion at study update meetings.
Outcomes
Our primary outcome of the study was the mean difference in TSS changes at 12 months of supplementation compared with baseline between the tocotrienols and placebo groups. The secondary outcome was a change in NIS evaluated at 12 months compared with baseline. A minimal reduction of 1.83 (a halfrange of a maximal single symptom) in the TSS and 2 in the NIS are considered to be clinically meaningful responses to treatment. 10, 15 For TSS assessment, participants were asked to grade the severity and frequency of the neuropathic symptoms that they experienced over peripheral limbs (eTable 1 in Supplement 2).
27
The TSS ranges from 0 to 14.64. The NIS assessment was performed by the study clinicians on participants to assess their neuropathy impairment. 28 All study clinicians underwent standardized training with a neurologist (I.L.). The NCT assessed the latency, amplitude, and velocity conduction of sensory components of median, radial, and sural nerves.
Adherence
Adherence to study treatment was monitored by returned capsule count. Participants were required to return all remaining capsules at each follow-up visit, which were counted and documented. Plasma total tocotrienol levels were measured to ensure that participants in both groups were adherent to investigational product use at baseline and 3-month intervals up to 12 months. The levels were analyzed at the end of study to maintain masking.
Baseline Serum Homocysteine Level Stratification
Hyperhomocysteinemia exerts neurotoxic effects and correlates with development of neuropathy. 29 Although the cutoff for hyperhomocysteinemia is arbitrary, 30 the upper reference limit for total homocysteine level in adults younger than 65 years was set at 2.03 mg/L (to convert to micromoles per liter, multiply by 7.397). 31 We adopted the conservative cutoff of 2.03 mg/L to initiate treatment for reduction of hyperhomocysteinemia. All participants with hyperhomocysteinemia in both groups received concurrent supplementation of oral folic acid, 5 mg/d, and methylcobalamin, 500 μg thrice daily, as part of the treatment proposed to reduce hyperhomocysteinemia, with evidence from the Heart Outcomes Prevention Evaluation (HOPE) 2 study. 32 In the stratified analysis, participants were further categorized to an A subgroup (homocysteine level <2.03 mg/L) and an H subgroup (homocysteine level ≥2.03 mg/L) at baseline.
Statistical Analysis
Sample size for this study was calculated using PS: Power and Sample Size Calculation software, version 3. were computed after treatment, with a corresponding SD of 3.37. Our study was designed for a minimum of 272 participants (136 in each arm) to achieve 90% power to detect a difference between groups of 1.33 of the primary end point after 12 months of supplementation, which reflects a minimum 1-level reduction in frequency and pain severity. To accommodate a dropout rate of 10%, we increased the sample size to 150 per arm for a total of 300 participants. All the data were hosted at Universiti Sains Malaysia. The data were deidentified before their use in analyses. All data were analyzed according to a modified intention-to-treat protocol. All normally distributed continuous variables were reported as mean (SD) except for serum total tocotrienol level, which was reported as mean (SEM). Comparison for categorical variables between the tocotrienol and placebo groups was performed using χ 2 tests or Fisher exact tests if the assumptions for the χ 2 test were unmet. Paired t tests were used to detect differences in clinical and biochemical markers before and after supplementation in both groups at 6 and 12 months, whereas independent t tests were performed to compare these markers and AE rates across both groups. P < .05 was considered to be statistically significant for all analyses. Statistical analyses were performed using SPSS, version 23.0. Adverse events were reported in the full trial population, with reference to the Medical Dictionary for Regulatory Activities, version 12.0.
Results
From November 30, 2011, to July 4, 2014, a total of 14 289 patients with diabetes were prescreened, and 391 who reported neuropathic symptoms were assessed with TSS and NIS. The last follow-up for the last patient was August 7, 2015. A total of 300 patients who fulfilled the study criteria were recruited for this study, and Figure 1 ). Seventyone participants discontinued the study, among whom 37 were lost to follow-up, 19 because of AEs, 9 because of personal reasons, and 6 because of poor adherence. The baseline characteristics were similar between the groups (eTable 2 in Supplement 2). Baseline characteristics were similar between the groups except for distribution of antidiabetic therapies ( Table 1) . More patients in the placebo arm were treated solely with oral antidiabetics, whereas more in the tocotrienols arm received insulin therapy, although the HbA 1c levels were comparable between the groups. Two patients in each group had type 1 diabetes, with the remaining having type 2 diabetes. The patients had diabetes with a mean duration of more than 10 years, with a mean HbA 1c level exceeding 8%. Most were overweight and had multiple comorbidities. The TSSs and NISs were similar between the groups except for the TSS subscore for paresthesia.
The mean investigational product adherence during 12 months, reported by pill counting, was 81.7% in the tocotrienols group and 86.1% in the placebo group (P = .16). The mean level of tocotrienol at baseline was 0.03 (0.003) μg/mL in the tocotrienol group and 0.03 (0.002) μg/mL in the placebo group. The mean level of plasma total tocotrienols increased significantly by 5.3-fold to 0.19 (0.018) μg/mL in the intervention group after 3-month supplementation and plateaued afterward ( Figure 2) .
The treatment and placebo groups achieved clinically meaningful responses of reductions greater than 1.83 in TSS at 12 months ( Table 2) . No significant differences were found in TSS change between the tocotrienol and placebo groups at 12 months (−0.30; 95% CI, −1.16 to 0.56; P = .49).
Slight improvements in total NIS were observed in both groups, without significant between-group differences by 12 months (0.6; 95% CI, −1.37 to 2.65; P = .53) (eTable 3 in Supplement 2). Sensory scores for the upper and lower limbs and tendon reflex score improved in the placebo group but not in the tocotrienol group. Muscle strength over the peripheral upper and lower limbs was unaffected by either intervention. Latency, amplitude, and velocity conduction for sensory median, radial, and sural nerves was similar between the groups (eTable 4 in Supplement 2).
Glycemic control between the groups was similar (eTable 5 in Supplement 2). However, the placebo group had a progressive significant increase of 0.4% in HbA 1c level (P = .01) and of 23 mg/dL (to convert to millimoles per liter, multiply by 0.0555) in fasting blood glucose level (P = .002) during 1 year. In contrast, glycemic control in the tocotrienol group remained stable. . A total of 108 (72.0%) in the placebo group and 101 (67.3%) in the tocotrienols group had normal homocysteine levels (<2.03 mg/L). Four patients had vitamin B 12 levels that ranged from 184 to 205 pg/mL with hyperhomocysteinemia (homocysteine level ≥2.03 mg/L). Patients with normohomocysteinemia in both groups had progressive increment in their serum homocysteine levels, although their folate and vitamin B 12 levels remained within the normal range (eTable 6 in Supplement 2). In contrast, patients with hyperhomocysteinemia had lower folate and vitamin B 12 levels at baseline. After oral folic acid and methylcobalamine supplementation, their homocysteine levels had decreased significantly, whereas their serum folate and vitamin B 12 levels were increased.
In post hoc subgroup analyses, the tocotrienols group experienced a significant reduction in lancinating pain score at 6 months compared with the placebo group (−0.6; 95% CI, −0.71 to −0.01; P = .04). A further reduction occurred at 12 months, but it did not achieve statistical significance (−0.64; 95% CI, −0.70 to 0.02; P = .07). Reduction in other components of TSS were similar between the groups during the study period. Compared with patients with baseline HbA 1c levels of 8.0% or less, those with HbA 1c levels greater than 8% in the tocotrienols group had their lancinating pain score reduced by 0.7 at 12 months (95% CI, −0.92 to −0.05; P = .03) ( Table 3) . Patients with normohomocysteinemia in the tocotrienols group experienced reduction in their lancinating pain at the end of the study (−0.9; 95% CI, −1.06 to −0.16; P = .008) but not among those with hyperhomocysteinemia despite treatment with homocysteine-lowering agents.
Nineteen patients withdrew from the study because of AEs (7 from the placebo group and 12 from the tocotrienol group) (eTable 2 in Supplement 2). All events occurred after 1 month of supplementation of the investigational products.
Sixty patients reported at least 1 AE (eTable 7 in Supplement 2). In a total of 69 AEs reported, 34 events (49.3%) occurred among 30 patients in the placebo group and 35 events (50.7%) among 30 patients in the tocotrienols group (χ 2 1 < 0.001, P > .99). Skin and soft-tissues disorders, minor traumatic injuries, and infections were among the most common AEs reported. More infectious events occurred in the placebo group, whereas more unintended traumatic injuries were observed in the tocotrienol groups. Most AEs occurred after 3 months of study enrollment. A total of 48 SAEs that involved hospitalization for preexisting conditions or other causes (eTable 8 in Supplement 2) were reported. Of these, 21 events occurred among 15 patients in the placebo group and 27 events among 24 patients in the tocotrienols group (χ 2 1 =1.926,P = .16). Most patients had concomitant comorbidities and macrovascular and microvascular complications of diabetes. Three patients with diabetic foot ulcers underwent lower limb amputations. The incidence of SAEs was similar between the groups, with the exception that more infections were observed in the tocotrienols group (6.7% vs 0.7%, P = .04). One patient in the tocotrienols group died of nosocomial sepsis complicated with renal failure and severe metabolic acidosis after 11 months of supplementation. Most of the events occurred after 3 months of enrollment in the study. All reported SAEs were unlikely to be related to the study treatments.
Discussion
This is a novel study on the efficacy and safety of oral administration of mixed tocotrienols for the treatment of DPN in a multiethnic Asian population. In this study, supplementation of tocotrienols for 1 year did not influence the TSS, NIS, and sensory NCT outcomes for patients with DPN.
To date, evidence on the clinical efficacies of nutraceuticals on DPN is limited. Although previous studies 12,13 have re- The prominent placebo effects observed in this trial are relatively common. This phenomenon has increased in recent trials on the treatment of various types of neuropathic pain and might lead to an underestimation of drug effects. 34 The close monitoring might have partially contributed to the placebo responses, especially in patient-reported outcome such as TSS. In addition, pain threshold can vary among individuals. A Cochrane review reported that a moderate placebo effect was detected in self-reported continuous outcomes across interventional trials on any clinical condition, and such an effect was greater for trials that involved self-reported pain outcomes.
35
The NIS is a more objective assessment that provides direct measures of nerve dysfunction. It assesses predominantly evoked pain using pinprick, sensory, and vibration loss but does not detect changes in spontaneous pain experienced by patients with painful DPN, which may partially explain the absence of treatment effects on NIS in this study. There was no apparent impairment in sensory nerve conduction for patients from both groups. Patients with painful DPN had predominantly small fiber neuropathy, and abnormal electrophysiologic findings may be absent in the presence of symptoms, 8, 36 as observed in this study.
Post hoc subgroup analyses found that tocotrienols might alleviate lancinating pain in patients with DPN who had poorly controlled diabetes (HbA 1c level >8%) and normohomocysteinemia (homocysteine level <2.03 mg/L) compared with pla- cebo. Neuropathic pain is a complex group of positive sensory phenomena attributable to neuronal dysfunction at different levels, with each attributable to discrete pathophysiologic mechanisms that operate at a defined level. 37 Nonetheless, whether tocotrienols might modulate the mechanisms that lead to lancinating pain but not the other neuropathic symptoms with different underlying pathophysiologic mechanisms remains unclear. Therefore, we interpret these preliminary observations with caution because the cutoff to define a clinically meaningful change in a TSS subscale is lacking. Homocysteine level is independently associated with the development and severity of DPN. 29 A total of 30.3% of our study population had hyperhomocysteinemia. Patients with normohomocysteinemia at baseline responded better to tocotrienols in reducing their lancinating pain. For those with hyperhomocysteinemia, additional supplementation of oral folic acid and methylcobalamin significantly decreased homocysteine levels by 26.3% in the placebo group and 24.7% in the tocotrienols group. Despite normalization of hyperhomocysteine levels, we did not observe any effect of tocotrienols on lancinating pain similar to that in patients with normohomocysteinemia at the baseline visit. Because of the complex DPN development and progression, a possible interaction between variable serum homocysteine and effect of pharmacologic interventions on DPN require further investigation. Such an investigation might provide insights into explaining why previous alternative therapies produced variable results. Oral mixed tocotrienols are well tolerated and relatively safe. The high number of AEs and SAEs in both groups reflected the increased risk of complications associated with longstanding diabetes.
Limitations
The main limitation in our study was the lack of an objective test, such as a quantitative sensory test and/or nerve biopsy, in assessing the peripheral nerve dysfunction. Nonetheless, patientreported outcome based on TSS was acceptable for patients.
Moreover, the diagnosis and assessment of painful DPN rely on patients' perception and description of pain, whereas external observers' impressions are noted to have limited value in the assessment of patients' responses toward new therapies for neuropathic pain. 38 In addition, the study population, which was composed of patients with multiple comorbidities, duration of diabetes of more than 10 years, and a mean suboptimal HbA 1c level greater than 8.5%, was reflective of real-life practice.
A lower cutoff TSS of 3 or higher was selected to include patients with mild DPN compared with 4 or higher in the ALADIN 3 (α-Lipoic Acid in Diabetic Neuropathy) trial 14 and 5 or higher in the SYDNEY 2 trial. 15 We acknowledged a dropout rate of 23.7% from this trial. However, our study had 83.4% power to detect a mean difference of 1.33 for the TSS after a 12-month period in both groups. In addition, the placebo group might have less severe disease, with a higher proportion taking only oral antidiabetics, whereas more in the tocotrienols group received insulin. We recognized inclusion of patients with vitamin B 12 deficiency as a drawback. Two patients in each group were found to have vitamin B 12 levels of 211 pg/mL or lower with concomitant hyperhomocysteinemia. After supplementation of mecobalamin and folic acid, their serum vitamin B 12 and homocysteine levels were restored to normal levels by 6 months.
Conclusions
Oral supplementation of 400 mg/d of mixed tocotrienols for 1 year did not reduce overall neuropathic symptoms of DPN. Tocotrienols were relatively well tolerated and had a safety profile comparable to that of placebo. The preliminary observations of the effect of tocotrienols on lancinating pain among subsets of patients generate new hypotheses and need further evaluation. We propose future trials on the effects of longer-term mixed tocotrienols on DPN progression and patient quality of life. problem-solving skills (Deary et al, 1993) , whereas other studies reported deficiencies in 175 psychomotor efficiency (Ryan et al, 1992) or memory and learning (Ryan et al, 1993; 176 Sachon et al, 1992) or found no difference at all (Wredling et al, 1990) .
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In addition, there is also evidence on the association of diabetes with changes in atrophy (Perros and Frier, 1997) . Focal lesions mostly involve the subcortical white-matter 195 (Dejgaard et al, 1991; Ferguson et al, 2003a; Perros and Frier, 1997 Vitamin E between 200 to 400 IU per day ). The unsaturated side-chain in tocotrienols makes them penetrate tissues with 225 saturated fatty layers more efficiently ).
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Animal studies have also revealed that palm tocotrienols improved blood glucose, 227 dyslipidemia and oxidative stress in diabetic rats. It is able to prevent the progression of 228 vascular wall changes occurring in diabetes mellitus (Roper et al, 2000; Budin et al, 2009 ).
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The oxygen consumption rate of the brain is high. Moreover, polyunsaturated fatty In the same year, Tiwari et al (2009) 
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In this randomized, double-blind placebo-controlled study: 9. Blood sample of 10 ml volume will be collected at baseline, 3 rd , 6 th , 9 th and 12 th 386 month for the above mentioned laboratory tests. The parameters assessed will be the conduction velocity, latency, and amplitude 488 through the nerve. This assessment will be conducted at the baseline and 12 th month of 489 the study starting from time "0". folate deficiency (Klee, 2000; Robertson et al, 2005; Pagana et al, 2010) Homocysteine, 508 Folic acid, Vitamin B12 and Vitamin B1 will be assessed on baseline, 6 th and 12 th months. could be administered by non-neuropsychologists (Mungas et al, 2000 increasing scores indicating better cognitive function (Tombaugh and McIntyre, 1992) .
526
Cognitive impairment is indicated by this tool if the score is ≤ β4. The specificity of this tool 527 is 96%, although, the sensitivity is weak (64%) (Lomholt and Jurgensen, 1998 Ametov A., Barinov A., Dyke P.J., Hermann R., Kozlova N., Litchy W.J., Low P.A.,
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Severe hypoglycemia and intelligence in adult patients with insulin-treated diabetes. 
